Superabsorbent polymers (SAPs) are widely applied in dryland agriculture. However, their functional property of repeated absorption and release of soil water exerts periodic effects on the hydraulic parameters and water-retention properties of soil, and as this property gradually diminishes with time, its effects tend to be unstable. During the 120-day continuous soil cultivation experiment described in this paper, horizontal soil column infiltration and high-speed centrifugation tests were conducted on SAP-treated soil to measure unsaturated diffusivity and soil water characteristic curves. The experimental results suggest that the SAP increased the water retaining capacity of soil sections where the suction pressure was between 0 and 3,000 cm. The SAP significantly obstructed water diffusion in the soil in the early days of the experiment, but the effect gradually decreased in the later period. The average decrease in water diffusivity in the treatment groups fell from 76.6% at 0 days to 1.2% at 120 days. This research also provided parameters of time-varying functions that describe the unsaturated diffusivity and unsaturated hydraulic conductivity of soils under the effects of SAPs; in future research, these functions can be used to construct water movement models applicable to SAP-treated soil.
Introduction
The application of superabsorbent polymers (SAPs) for the purpose of enhancing soil water retention represents an important nonengineering water conservation technique for dryland farming. This technique is widely used in producing crops such as apples, grapes, wheat, and maize [1] [2] [3] [4] , and it has proven to be effective in saving water and increasing yields. In many farming areas with limited water supplies, crop growth relies completely on rainwater. However, the uneven spatiotemporal distribution of precipitation and the soil's poor ability to conserve moisture keep rainwater use efficiency low in these areas, exerting a direct impact on crop growth [5] [6] [7] . Applying SAPs to the soil is effective in improving rainwater use efficiency in dryland farming areas [8, 9] , because SAPs can repeatedly absorb and retain rainwater entering the soil to reduce deep seepage losses and then gradually release the water to the plants as the soil dries and the plants' root pressure increases. This mechanism ensures a continuous water supply for plants during their growth periods [10, 11] .
After treatment with SAPs, soil demonstrates remarkable changes in its hydraulic parameters and water holding properties. Han et al. [12] found that the periodic absorption and release of water by SAPs exert time-varying effects on the soil's properties, causing the hydraulic parameters in SAP-treated soil to vary irregularly with time. Bai et al. [13] discovered that, during wet-dry soil cycles, the application of SAPs can reduce soil's bulk density, with a higher SAP dosage producing a greater effect. Other studies [14] [15] [16] [17] have revealed that the repeated water absorption and release mechanism of SAPs not only ensures water supply for plants, but also alters the pattern of soil water movement by influencing the soil's mechanical and chemical properties, local microbial communities, and root growth. This adds to the difficulty and complexity inherent in modeling water movement in soil to which SAPs have been applied. S o il w a t e r c o n t e n t Accurate characterization of soil's hydraulic parameters and water retention properties is a key step in modeling water movement [18] [19] [20] . However, only a few studies have provided quantitative descriptions of the dynamic characteristics of SAP-treated soil's hydraulic parameters [12, 21, 22] . The dynamic effects of SAPs on soil's hydraulic parameters and water retention properties are not yet clear, obstructing indepth research into water movement models that are applicable to SAP-treated soils, as well as other related research.
In this context, a 120-day soil cultivation experiment was carried out, with horizontal soil column infiltration and high-speed centrifugation tests conducted to investigate the patterns of dynamic variation in the hydraulic parameters and water holding properties of SAP-treated soil. Timevarying functions were obtained to describe the unsaturated diffusivity and unsaturated hydraulic conductivity of soil, providing a basis for constructing relevant models, such as a model of soil water movement under the influence of SAPs.
Methods

Materials.
This experiment tested a cross-linked soil SAP with particle sizes between 0.02 and 0.05 mm, manufactured from polyacrylamide and acrylic acid by Dongying Huaye New Material Co., Ltd., in Shandong. The soil tested was sand loam containing 52.4% sand, 36.1% silt, and 11.5% clay, taken from topsoil in the greenhouses and fields at the International Seed Industry Park in Yujiawu Town, Tongzhou District, Beijing. In terms of nutrients, the tested soil contained total nitrogen of 1.06 ± 0.11 g/kg, available nitrogen of 47.20 ± 0.14 mg/kg, total phosphorus of 0.74 ± 0.01 g/kg, available phosphorus of 26.45 ± 2.33 mg/kg, total potassium of 18.65 ± 1.34 g/kg, rapidly available potassium of 106.00 ± 5.66 mg/kg, and organic content of 10.85 ± 0.21 g/kg. The soil was cultivated in round polyvinyl chloride pots with a height of 35 cm and a diameter of 25 cm.
Process
2.2.1. Treatment. The soil was divided into a control group and three treatment groups. No SAP was applied to the soil in the control sample. In the first treatment group, labeled P-S1, SAP at a polymer concentration of 0.06% was applied to the soil. In the second treatment group, P-S2, 0.03% SAP was applied to the soil. In the third treatment group, P-S3, the soil was treated with 0.01% SAP. Each treatment process was repeated 12 times.
2.2.2.
Methods. First, the SAP was evenly mixed with airdried soil. The mixtures were then put into pots and Journal of Nanomaterials CG Fitted curve for CG P-S1 Fitted curve for P-S1
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P-S2 Fitted curve for P-S2 P-S3 Fitted curve for P-S3 compacted layer by layer, with each layer being 4 to 5 cm thick, to achieve a bulk density of 1.28 g/cm 3 . At the bottom of each pot, under the soil mixtures, a 2 cm thick filter bed of gravel was laid upon the drainage hole. After the soil thickness in the pots reached 28 cm, a 2 cm thick layer of quartz sand was applied on the soil surface to reduce evaporation, leaving a 3 cm hydraulic head above the quartz sand for irrigation. After these preparations, the field capacity (FC) of the soil was measured using the cutting ring method, yielding a result of 0.37 cm 3 /cm 3 . Every two to three days, four pots were randomly chosen from each sample group and weighed to measure average soil water content. During the experiment, the soil's volumetric water content was maintained between 60% and 100% of FC. If the volumetric water content of the soil in a pot neared 60% of FC, the soil was irrigated until the value reached 100% of FC.
Sampling and Testing.
Soil in the pots was sampled using cutting rings at 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 90, and 120 days. Part of each soil sample was packaged in filter paper and tested in the lab using a high-speed centrifugation method to analyze the water characteristic curves. After the remainders of the sampled soils were air-dried, a horizontal soil column infiltration test was conducted to measure their unsaturated diffusivity [12] . Soil's unsaturated hydraulic conductivity can be calculated from the unsaturated diffusivity measurement according to the following relationships: = +( − )/[1+ ( ℎ) ] and ( ) = ( ) ( ).
Data Analysis.
The software RETC analyzed the soil water characteristic data to infer the values of unsaturated hydraulic conductivity. The parameters of time-varying functions for unsaturated diffusivity and unsaturated hydraulic conductivity were obtained by R programming and curve fitting. group's data at different times was 0.144. By contrast, all the SAP-treated groups demonstrated significant decreases in unsaturated diffusivity during the early period of the experiment, and the rate of the decreases increased with SAP concentration, such that P-S1 > P-S2 > P-S3. The treatment groups' unsaturated diffusivities gradually increased with time and were nearly equal to the control group's at the end of the experiment. The population variances of the unsaturated diffusivity data of the treatment groups were between 0.387 and 0.398. Also, Figure 1 shows that soil water diffusion was significantly obstructed during the early period. At 0 days, the average decreases in unsaturated diffusivity were between 70.1% and 76.6%. These values fell to between 30.6% and 46.9% at 5 days and reached 49.5% to 68.1% at 10 days. After repeated absorption and release of water, the SAP incurred some structural damage, and SAP water absorbency decreased with time. As a result, the effect on water diffusion in the soil gradually weakened. The average decrease in unsaturated diffusivity dropped to between 9.5% and 25.5% at 60 days and between 9.4% and 26.1% at 90 days. At 120 days, the unsaturated diffusivities of the treatment groups were very close to the control group, and the average decreases in unsaturated diffusivity were 1.2% to 16.0%. Table 1 presents the curves fitted to the unsaturated diffusivity data and their corresponding degrees of correlation (coefficient of determination,
Results and Analysis
Effect of SAP on Unsaturated Soil Water Diffusivity.
2 ) for the four groups at different times ( = 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 90, and 120 d). A comprehensive regression analysis of the data yielded time-varying functional equations for calculating the unsaturated diffusivity of soil under the effect of SAP. The regression equations show that the time-varying functions include the time variable , and the goodness of fit of each regression attains extremely high significance ( < 0.01), indicating that these functions can accurately describe the relationship between time and the unsaturated diffusivity of soil under the effect of SAPs. Figure 2 shows the soil water characteristic curves of the four sample groups at 0, 15, 30, 50, 90, and 120 days. The trends of the curves suggest that the SAP improved the water retention properties of the treated soil during the early period. A comparison of the soil water content at different suction Journal of Nanomaterials pressure ranges demonstrated that the improvement in soil water retention mainly occurred in the suction pressure range of 0 to 3,000 cm, and it was especially marked in the 100 to 800 cm range. At 0 days, the soil in the P-S1, P-S2, and P-S3 groups showed water content increases of 10.6% to 26.4%, 14.2% to 17.0%, and 7.7% to 10.6%, respectively, compared to the control group; the P-S1 group experienced the increase of 26.4% at a suction pressure of 300 cm. By 15 days, the soil water content in the P-S1, P-S2, and P-S3 groups increased by 15.4% to 26.5%, 14.8% to 21.6%, and 9.7% to 14.7%, respectively; the largest increase of 26.5% occurred in the P-S1 group at a suction pressure of 500 cm. After a duration of 30 days, the soil water content in the three treatment groups increased by 11.8% to 20.7%, 10.2% to 14.4%, and 5.1% to 9.2%, respectively, with the largest increase of 20.7% occurring in the P-S1 group at a suction pressure of 500 cm. By 50 days, the soil water content increases in each of the three treatment groups were 8.3% to 23.2%, 12.4% to 18.3%, and 8.8% to 14.1%, respectively; the maximum of 23.2% occurred in the P-S1 group at a suction pressure of 100 cm. By 90 days, these values were 10.3% to 13.0%, 7.3% to 11.6%, and 7.1% to 10.4%, with the maximum of 13.0% occurring in the P-S1 group at a suction pressure of 500 cm. At 120 days, the soil water content in the treatment groups was only 5.6% to 7.7%, 3.4% to 4.0%, and 2.7% to 4.2% higher than in the control group, and the P-S1 group saw the highest soil water content increase of 7.7% at a suction pressure of 100 cm. Those soil water characteristic curves were used for predicting specific moisture capacity ( ) to calculate unsaturated hydraulic conductivities of the soil. Finally, timevarying functions for the unsaturated hydraulic conductivity under the effect of SAP were derived from a series of calculated unsaturated hydraulic conductivities. Figures 3-8 show the unsaturated hydraulic conductivities of the control group and the treatment groups at 0, 15, 30, 50, 90, and 120 days, respectively. Compared to the control group, we can see the unsaturated hydraulic conductivities of treated soil sample were greatly decreased after SAP application during the early period, similar to the effect of SAP on unsaturated diffusivity. The average decreases in unsaturated hydraulic conductivity were 85.5% to 94.1% at 0 days, 75.1% to 82.9% at 30 days, and 65.6% to 76.2% at 50 days. Notably, abnormalities were observed in regions with high water content in all treatment groups at 30, 90, and 120 days. It was therefore impossible to calculate values for these regions. Table 2 displays the curves fitted to unsaturated hydraulic conductivity data at different times ( = 0, 15, 30, 50, 90, and 120 d), as well as corresponding degrees of correlation. Timevarying functional equations describing soil's unsaturated hydraulic conductivity were constructed through a comprehensive regression analysis. As the regression equations show, these functions include the time variable , and each regression's goodness of fit attained extremely high significance ( < 0.01), demonstrating that these functions can precisely reflect the relationships of unsaturated hydraulic conductivity varying with the test time under the influence of SAP.
Effect of SAP on Soil Water Characteristic Curves.
Effect of SAP on Unsaturated Hydraulic Conductivity.
Discussion
Water Retention Properties of SAP-Treated Soil.
Normally, the water retention properties of soil are closely correlated with the pore size, while the water characteristic curve of a soil sample represents the relationship between its porosity and water content. When soil is treated with SAP, its water retention properties are related to both porosity and the SAP's water absorbency. An in-depth analysis of the SAP-treated soil in this study revealed that the SAP had the greatest effect on water retention in soil sections with suction pressure between 100 and 800 cm, because these areas exhibited the greatest increases in water content compared to the control group and other sections in the treatment groups. This result was generally consistent with the conclusion drawn by Han [23] , who stated that SAPs have the most dramatic water conservation effects in soil sections with suction pressure between 0 and 1000 cm. It is widely accepted that water stored in the suction pressure range of 0 to 15,000 cm is available water that can be used by plants, and 50% to 70% of the available water content is retained in the suction pressure range of 0 to 800 cm [24] . Therefore, the water held by SAPs in this range was considered to be available for growing plants in this study.
Hydraulic Parameters of SAP-Treated Soils.
The Richards equation-based modeling of soil water movement relies on functions that can accurately characterize a soil's hydraulic parameters. Normally, the water diffusivity of unsaturated soil only depends on its water content ( ); however, SAPtreated soil's unsaturated diffusivity is strongly correlated with the duration of the SAP's presence in the soil ( ), in addition to soil water content ( ). The experimental results presented in this paper suggest that the SAP had a strong effect on water diffusion during the early testing period. However, because the SAP's water-absorbing membrane structure was gradually damaged by microbial decomposition and electrostatic interactions with highly charged ions, fertilizers, and pesticides dissolved in the soil solution [25, 26] , the effects of enhancing soil water retention and obstructing soil water movement weakened with time, consistent with the research finding by Han et al. [12] . This suggests that the hydraulic parameters of SAP-treated soil are time-varying and dynamic, a finding that should be fully considered in constructing water movement models. The variation in unsaturated hydraulic conductivity under the effect of SAP was similar to the variation in unsaturated diffusivity , and the fitted functions were also functions of both water content and duration . In this paper, values were estimates obtained from the measurements of according to the formula = +( − )/[1 + ( ℎ) ] rather than real data. The experimental results indicate that when the difference between the fitted saturated water content ( ) and fitted wilting point ( ) was smaller than the difference between the measured water content ( ) and fitted wilting point ( ), error could occur in calculating the hydraulic head (ℎ), thus impeding the accurate characterization of values in regions with high water content. The lack of values in these regions has an adverse impact on the accuracy of the fitted time-varying functions; therefore, special attention should be paid to this phenomenon in modeling. The aforementioned error can be reduced by improving the stability and precision of test instruments, such as high-speed centrifuge and electronic scale.
Conclusions
(1) During the early testing period, water diffusion in the SAP-treated soil samples was significantly impacted by the presence of SAP. During the period from 0 to 10 days, the average decreases in unsaturated diffusivity decreased were measured at between 30.6% and 76.6%. As the SAP's water absorbency declined over time, the effect of obstructing soil water movement gradually weakened. During the period between 60 and 120 days, the average decreases in unsaturated diffusivity fell to 1.2% to 26.1%. In contrast, the unsaturated diffusivity of the control group exhibited little variation throughout the experiment; the population variance of the control group's data at different times was 0.144, compared to 0.387 to 0.398 for the treatment groups.
(2) The experimental SAP greatly decreased the treated soil samples' unsaturated hydraulic conductivities during the early period, similar to its effect on unsaturated diffusivity. During the period between 0 and 50 days, the average decreases in unsaturated hydraulic conductivity were 65.6% to 94.1%. The values obtained based on the measurement of and the formula = + ( − )/[1 + ( ℎ) ] were dramatically affected by the accuracy of the fitted parameters of the soil water characteristic curve.
(3) The experimental SAP improved the water retaining capacity of soil sections where the suction pressure was between 0 and 3,000 cm, resulting in an average increase of 2.7% to 26.5% in soil water content in the treatment groups. The improvement in soil water retention was especially marked in sections with suction pressure ranging from 100 to 800 cm, and the water stored in this section was considered to be available water.
